1. Introduction {#sec1}
===============

Ovarian cancer is the most lethal gynecological malignancy. Because of lack of biomarkers and symptoms at early stage, most patients are diagnosed at advanced stage. Debulking surgery followed by platinum-taxane based chemotherapy is the standard of care for patients with advanced stage ovarian cancer \[[@bib1],[@bib2]\]. However, most patients relapse with chemoresistance \[[@bib2]\] and the overall 5-year survival is only about 30% \[[@bib2],[@bib3]\]. The high response rate of ovarian cancer to platinum analogues is believed to be due to a high prevalence of defective homologous recombination repair (HRR) \[[@bib3]\]. HRR plays a critical role for error-free repair of DNA double-strand breaks. The recombinase activity of the RAD51 protein forms the catalytic core of the HRR pathway for the repair of DSBs \[[@bib4]\]. In addition, RAD51-mediated HR plays a critical role in facilitating efficient DNA replication in mammalian cells, particularly when under genotoxic stress \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Many studies have shown that RAD51 is overexpressed in a variety of tumors \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18]\] and the high-expression of RAD51 is associated with poor prognosis \[[@bib16],[@bib19],[@bib20]\]. RAD51 overexpression contributes to chemotherapy resistance in human soft tissue sarcoma cells \[[@bib15]\] while RAD51 suppression leads to increased sensitivity to chemotherapeutics like cisplatin and PARP inhibitors, and microRNAs that target RAD51 can also sensitize cancer cells to chemotherapeutic agents \[[@bib21], [@bib22], [@bib23], [@bib24], [@bib25]\]. It is also documented that RAD51 overexpression results in an increased resistance to radiation \[[@bib13],[@bib14],[@bib26]\]. Because RAD51 is the key catalytic protein in HRR, it is reasonable to assume that the chemo- or radioresistance of cancer cells conferred by RAD51 overexpression may be related to an increased DNA repair capacity. However, BRCA1, another key player in HRR, was recently shown to promote antioxidant defense by upregulating NRF2 \[[@bib27]\]. In addition, the cellular responses to defective HRR remain to be fully elucidated. Recent studies indicate that nuclear DNA damage can trigger mitochondrial response, and increased production of mitochondrial reactive oxygen species may exacerbate nuclear DNA damage \[[@bib28],[@bib29]\].

Abnormal HRR, high level of reactive oxygen species (ROS) and upregulation of antioxidant genes are characteristic features of ovarian cancer \[[@bib3],[@bib30], [@bib31], [@bib32], [@bib33], [@bib34]\]. While it is easy to understand that an increased antioxidant capacity may be necessary for the ovarian cancer cells to cope with the increased oxidative stress, whether the HRR proteins may indirectly contribute to the maintenance of redox homeostasis remains to be determined. Would defective HRR lead to mitochondrial response? In the present study, we investigated the role of RAD51 in the redox regulation in ovarian cancer cells. We observed that RAD51 is overexpressed in high-grade serous ovarian carcinoma compared to fallopian tubes and RAD51 depletion significantly impaired the proliferation of ovarian cancer cells. Importantly, we found that the tumor-suppressive effect of RAD51 inhibition or depletion is partly attributable to increased oxidative stress. RAD51 depletion results in increase of mitochondrial superoxide, reduced mitochondrial membrane potential (MMP) and accumulation of mitochondria. However, the mitochondrial accumulation caused by RAD51 depletion appeared to be a response to nuclear DNA damage, but not related to mtDNA. Our findings reveal a novel role of RAD51 in sustaining the malignancy of ovarian cancer and have implications in the development of new therapeutic strategies for ovarian cancer.

2. Materials and methods {#sec2}
========================

2.1. Tissue samples for real-time PCR {#sec2.1}
-------------------------------------

All evaluated HGSOC and fallopian tube tissues which were collected in Qilu Hospital of Shandong University from April 2009 to July 2015. The HGSOC specimens were obtained from primary ovarian cancer patients receiving no previous surgery or chemotherapy. Fallopian tube tissues were from patients who received a total hysterectomy and bilateral salpingo-oophorectomy for uterine diseases or for benign neoplastic adnexal pathologic changes. The archived tissue sections were collected and prepared for tissue microarray (TMA) as previously described \[[@bib35]\]. Ethics Committee of Shandong University approved the study and all participants gave written informed consent.

2.2. Tissue microarray for immunohistochemistry {#sec2.2}
-----------------------------------------------

Formalin-fixed and paraffin-embedded tissues were sectioned at 4 μm. Tissue slides were deparaffinized in xylene and rehydrated in a graded series of ethanol. Antigen retrieval was performed by microwave irradiation in citrate retrieval solution (pH 6.0). Nonspecific binding was blocked with donkey serum and sections were then incubated with anti-RAD51 antibody (1:200, Abcam, Cambridge, UK) overnight at 4 °C. The signal was developed by DAB detection system and counterstained with hematoxylin. The staining results were independently evaluated by two investigators blinded to the clinical data.

2.3. Cell culture {#sec2.3}
-----------------

FTE-187 (immortalized normal human fallopian tube epithelial cell line) cells were as previously described \[[@bib36]\]. A2780, HO8910 and HEK293T cell lines were purchased from China Type Culture Collection (Shanghai, China). Human osteosarcoma cell line U2OS and human breast cancer cells MDA-MB-231 were obtained from the American Type Culture Collection (Manassas, VA). HEY, SKOV3 cell lines were purchased from American Type Culture Collection. 143B.TK ρ^0^ cells were generously provided by Dr. Chuanzhu Yan at Shandong University. Ovarian cancer cell line SKOV3 cells were cultured in McCoy\'s 5A modified medium (Gibco, Invitrogen, Carlsbad, CA). A2780, HEY, U2OS, MDA-MB-231 and HEK293T cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco, Invitrogen). HO8910 cells were cultured in RPMI 1640 medium (Gibco, Invitrogen). FTE187 cells were maintained in cell culture medium consisting of 1:1 Medium199 and MCDB105 medium (Sigma-Aldrich) as previously described \[[@bib36]\]. 143B.TK ρ^0^ cells were cultured in DMEM medium supplied with 50 μg/mL uridine. All media contained 10% fetal bovine serum (Gibco, Invitrogen), 100 units/mL penicillin, and 100 μg/mL streptomycin. All cells were cultured in a humidified atmosphere of 5% CO~2~ at 37 °C.

2.4. Reagents and antibodies {#sec2.4}
----------------------------

Antioxidant N-acetylcysteine (A7250), Uridine (U3750), B02 (RAD51 inhibitor, 553525) and UCN-01 (CHK1 inhibitor, U6508) were purchased from Sigma-Aldrich. Mitoquinone mesylate (HY-100116A) was purchased from Medchem Express. Mounting Medium with DAPI (ab104139) was purchased from Abcam. MitoSOX™ Red Mitochondrial Superoxide Indicator (M36008) and MitoTracker™ Deep Red FM (M22426) were from Invitrogen Life Technologies. Mitochondria isolation kit were purchased from Beyotime (C3601). Mitochondria staining kit (JC-1) was purchased from MultiSciences Biotech (MJ101, China). CCCP (Carbonyl cyanide 3-chlorophenylhydrazone) was purchased from MultiSciences Biotech. CCK-8 was from Vazyme (Vazyme Biotech Co.,Ltd). Antibody against RAD51 (ab133534) was from Abcam. Antibodies against phospho-CHK1 (2348), Ki-67 (9129) and γ-H2AX (9718) were from Cell Signaling Technology. Anti-8-OHdG (sc-393871), anti-CHK1 (sc-8408) were acquired from Santa cruz Biotechnology. anti-GAPDH (60004-1-Ig), anti-Alpha-Tubulin (66031-1-Ig) and anti-COX IV (11242-1-AP) were from Proteintech.

2.5. RNA isolation and real-time quantitative PCR {#sec2.5}
-------------------------------------------------

Total RNA was extracted from fresh tissues with Trizol reagents (Invitrogen, Carlsbad, CA, USA) following the manufacturer\'s instructions. mRNAs were reverse transcribed to generate complementary DNA (cDNA) using oligo (dT) primers. GAPDH was considered as the endogenous control. Quantitative reverse transcriptase-polymerase chain reaction was performed using LightCycler Fast Start DNA Master SYBR Green I on a LightCycler (Roche Diagnostics GmbH, Mannheim, Germany) system. The comparative cycle threshold method (ΔΔCt) was used to quantify the relative expression of each gene. The samples were loaded in triplicate, and the results of each sample were normalized to GAPDH. The primers used in the present study were listed in [Supplementary Table S1](#appsec1){ref-type="sec"}.

2.6. Western blot analysis {#sec2.6}
--------------------------

Protein samples were separated by SDS-PAGE (6--15%) and electro-transferred onto PVDF membrane, which was then blocked with 5% no fat milk for 60 min. The membrane was then incubated with specific primary antibodies overnight at 4 °C. 30--60 μg proteins of interest were detected with appropriate horseradish peroxidase-conjugated secondary antibodies for 60 min at room temperature and developed using the ECL-enhanced luminol reagent (Thermo). The protein levels were normalized by α-Tubulin or GAPDH.

2.7. RNA interference {#sec2.7}
---------------------

All small interfering RNAs (siRNAs) were purchased from Sigma-Aldrich. The siRNA targeting human RAD51 was applied as a mixture at a total final concentration of 50 nM. Cells were transfected with siRNAs using Liofectamine ^2000^ (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. siRNA sequences were listed in [Supplementary Table S2](#appsec1){ref-type="sec"}.

2.8. Cell proliferation and clonogenic assay {#sec2.8}
--------------------------------------------

CCK-8 assay was used to examine cell viability. In brief, cells were seeded in 96-well culture plates at 3 × 10^3^/well the day before NAC or CHK1 inhibitor treatment. Then cells were cultured for 48 h in a humidified atmosphere of 5% CO~2~ at 37 °C. After treatment, 10 μL of CCK-8 reagent was added to each well and incubated for 3 h at 37 °C. The absorbance of each well was measured at 450 nm. All experiments were repeated at least three times. Clonogenic assay was performed as described previously \[[@bib23]\]. Briefly, single-cell suspensions were prepared for each cell line and specific numbers of cells were seeded in 6-well tissue culture plates. Then cells were cultured in a humidified atmosphere of 5% CO~2~ at 37 °C for two weeks. In the end, the media were carefully removed by aspiration. Then, colonies were stained by crystal violet, photographed, and scored. Only colonies of more than 50 cells were counted.

2.9. Cell cycle analysis {#sec2.9}
------------------------

Cells were transfected with scrambled siRNA (siScr) or siRNA targeting RAD51 (siRAD51) for 48 h. Then cells were washed three times with PBS, trypsinized, and collected by centrifugation at 800 rpm for 5 min. Then cells were fixed in 4 mL of cold 75% ethanol at −20 °C overnight. After centrifugation at 1600 rpm for 10 min, cells were washed by 4 mL cold PBS and centrifugated again, cell pellets were resuspended and incubated with 0.5 mL of PBS containing 100 μg/mL RNase (Sangon Biotech) and 5 μg/mL propidium iodide (Beyotime) at room temperature for 30 min. Cell cycle distribution was analyzed by flow cytometry (BD Biosciences, San Jose, CA).

2.10. Measurement of ROS, MitoSOX and mitochondrial mass {#sec2.10}
--------------------------------------------------------

ROS generation was measured using oxidation sensitive fluorescent probe (DCFH-DA) according to the manufacturer\'s protocols (Beyotime, China). Cells were transfected scrambled siRNA or siRNA targeting RAD51 for 48 h. Then cells were harvested and stained with 10 μM DCFH-DA probe at 37 °C for 20 min. Cells were washed three times with PBS and the induction of ROS was examined by flow cytometry (BD Biosciences, San Jose, CA). Mitochondrial ROS were measured using MitoSOX following the manufacturer\'s instructions. For measurement of mitochondrial mass, cells were collected and resuspended in preheated medium with 100 nM Mitotracker Red incubated in a humidified 5% CO~2~ atmosphere at 37 °C for 30 min, then cells were rinsed and suspended in preheated medium and measured by flow cytometry. In all experiments, 20, 000 viable cells were analyzed.

2.11. EdU proliferation assay {#sec2.11}
-----------------------------

Cells transfected scrambled siRNA or siRNA targeting RAD51 were replated in 96-well plate and incubated for 48 h, cell proliferation was detected using the incorporation of 5-ethynyl-2′-deoxyuridine (EdU) with the EdU cell proliferation assay kit (Guangzhou RiboBio Co., Ltd. Guangzhou, China). Briefly, the cells were incubated with 50 μM EdU for 2 h before fixation, permeabilization and EdU staining according to the manufacturer\'s protocol. The nuclei were stained with DAPI. The proportion of EdU positive cells was determined by fluorescence microscopy. EdU proliferation assay kit for flow cytometry was purchased from Beyotime (China) and measured following the manufacturer\'s instructions.

2.12. Lentivirus production and infection {#sec2.12}
-----------------------------------------

RAD51 short hairpin RNA (shRNA) in pZIP-TRE3GS was purchased from BioSune (Shanghai, China). Lentivirus-expressed shRAD51 was produced in HEK293T cells packaged by pMD2G and psPAX2. For stable infection, 6 × 10^4^ cells were plated in six-well plates in 2 mL of medium without antibiotics. After overnight incubation, the medium was removed and replaced with 1 mL per well of medium containing 8 μg/mL polybreen. Then, 50 μL of concentrated retroviral particles was added into each well. 48 h later, fresh medium containing 2 μg/mL puromycin was added into each well. Fresh medium containing puromycin was replaced every 3--4 days. Single colonies were obtained after 2 weeks of puromycin selection.

2.13. Xenografts in nude mice {#sec2.13}
-----------------------------

Female BALB/c nude mice (4-6-week old) were purchased from Beijing Experimental Animal Center and kept in pathogen-free conditions and handled in accordance with the requirements of the Guideline for Animal Experiments. For xenograft experiments, equal number (5 × 10^6^) of HO8910 shRAD51 cells were harvested and resuspended in 0.1 mL of PBS for subcutaneous injection. Animals were randomly divided into two groups (n = 4--6 for each group) and treated with either control (H~2~O) or doxycycline (1.2 mg/mL) given daily. Tumor growth was monitored with a caliper. Tumor volume was calculated with the use of the following formula: tumor volume (in mm^3^) = a × b^2^ × π/6, where 'a' is the longest diameter, 'b' is the shortest diameter. After the last treatment on day 24, tumors were removed and weighed. All tumors for each group were excised, fixed in 10% formalin, and subjected to routine histologic examination and immunostaining of 8-OHdG and Ki-67.

2.14. Immunofluorescence staining of DNA damage markers {#sec2.14}
-------------------------------------------------------

Immunofluorescence staining was carried out as described previously \[[@bib37]\]. Briefly, cells seeded on coverslips were fixed in 4% paraformaldehyde for 10 min. The cells were then permeabilized in 0.2% Triton X-100 for 10 min, and blocked in 10% normal goat serum overnight at 4 °C. The coverslips were incubated with 8-OHdG antibody overnight at 4 °C, washed with PBS, and incubated with TRITC-conjugated Goat anti-mouse secondary antibody (Jackson Immuno Research Laboratories, West Grove, PA) for 1 h at room temperature. Cells were washed in PBS three times and counterstained with DAPI. Fluorescence images were captured under a fluorescence microscope.

2.15. Immunohistochemistry of tumor xenografts {#sec2.15}
----------------------------------------------

Formalin-fixed and paraffin-embedded tumor xenografts were sectioned at 4 μm. After deparaffinizayion and rehydration, the sections were boiled in citrate sodium buffer (pH 6.0) for 15 min for antigen recovery, and immersed in 3% H~2~O~2~ for 10 min to quench endogenous peroxidase. Nonspecific binding was blocked by 10% donkey serum at room temperature for 1 h. Then sections were incubated with the primary antibodies (Ki-67, CST, 1:200 dilution; 8-OHdG, Santa Cruz, 1:50 dilution) overnight at 4 °C. The signal was developed by DAB detection system and counterstained with hematoxylin.

2.16. Determination of mitochondrial membrane potential (MMP) {#sec2.16}
-------------------------------------------------------------

The mitochondrial membrane potential (MMP) was determined by Mitochondria Staining Kit (JC-1, MultiSciences Biotech, China). Briefly, ovarian cancer cells were harvested and 10^5^ cells were loaded with JC-1 (2 μM) at 37 °C, 5% CO~2~ for 20 min, then analyzed by flow cytometry (BD Biosciences, San Jose, CA) excited at 488 nm and the emitted fluorescence was collected at 530 nm and 590 nm. MMP was expressed as the emitted fluorescence ratio (590/530 nm) in percentage to the initial level, whereas 0% level was recorded after complete mitochondrial depolarization with CCCP.

2.17. Measurement of oxygen consumption rate and glycolytic capacity {#sec2.17}
--------------------------------------------------------------------

The real-time measurement of oxygen consumption rate (OCR) in live cultured ovarian cancer cells was performed using the Seahorse XF24 Analyzer (Seahorse Bioscience, North Billerica, MA, USA) according to the manufacturer\'s instructions. ATP synthase inhibitor oligmycin (1 μM), uncoupler FCCP (4 μM) and complex I inhibitors rotenone (1 μM) and antimycin A (1 μM) were injected to the wells, followed by measurement cycles for OCR. The oxygen consumption rates were calculated from the continuous average slope of the O~2~ decrease using a compartmentalization model. Basal OCR is (OCR with substrates) - (OCR with rotenone and antimycin A). Maximal OCR is (OCR with FCCP) - (OCR with rotenone and antimycin A). Assay for glycolytic capacity in live cultured ovarian cancer cells was performed using the Seahorse XF24 Analyzer. On the day of the assay, the medium was changed to DMEM (without serum, glucose, or bicarbonate, but with 2 mM glutamine) and incubated for 1 h before the assay in a non-CO~2~ incubator at 37 °C. Glucose (10 mM), oligomycin (1 mM), and 2-deoxy-[d]{.smallcaps}-glucose (2-DG 100 mM) were diluted in the assay medium and loaded onto ports A, B, and C, respectively. The analyzer was calibrated and the assay was performed using the glycolysis stress test assay protocol as suggested by the manufacturer. The rate of glycolysis is the extracellular acidification rate (ECAR) after the addition of glucose. The glycolytic capacity is the rate of increase in ECAR after the injection of oligomycin following glucose.

2.18. Real-time quantitative PCR for mtDNA copy number {#sec2.18}
------------------------------------------------------

Total genomic DNA was extracted from A2780 cells with a genomic DNA extraction kit (Vazyme Biotech Co.,Ltd). For the determination of mtDNA copy number relative to nuclear DNA in cells, the ND1 gene was used as a marker of mtDNA and the B2M gene for nuclear DNA \[[@bib38]\]. Quantitative PCR was performed on a real-time PCR detection system using SYBR green, as described above. The primer sequences for mtDNA copy number were listed in [Supplementary Table S3](#appsec1){ref-type="sec"}.

2.19. Statistical analysis {#sec2.19}
--------------------------

All statistical data were calculated and graphed using GraphPad Prism 6 and data were presented as mean ± standard deviation (S.D.). Statistical significance was tested using two-sided Student\'s *t*-test. p \< 0.05 was considered statistically significant. Statistical significance was also taken as \*p \< 0.05, \*\*p \< 0.01 and \*\*\*p \< 0.001, ns stands for no significant.

3. Results {#sec3}
==========

3.1. RAD51 is upregulated in ovarian cancer and high RAD51 expression level is associated with poor prognosis {#sec3.1}
-------------------------------------------------------------------------------------------------------------

To investigate the expression of RAD51 in ovarian cancer, we firstly analyzed RAD51 expression in ovarian cancers using data from the TCGA and Oncomine™ databank. We found that RAD51 was overexpressed in ovarian cancer ([Fig. 1](#fig1){ref-type="fig"}A and B). Next we measured the mRNA levels of *RAD51* in cancer specimens collected at Qilu Hospital by qPCR. As shown in [Fig. 1](#fig1){ref-type="fig"}C, *RAD5*1 mRNA levels are generally higher in high-grade serous ovarian carcinoma (HGSOC, *n* = 46) than in fallopian tube epithelia (FT, *n* = 20). We previously also found that the protein levels of RAD51 were higher in ovarian cancer cells than in the immortalized normal human fallopian tube epithelial cell line FTE-187 \[[@bib23]\]. We then examined RAD51 expression in HGSOC (*n* = 228) and FT (*n* = 41) by immunohistochemistry. The immunostaining intensity of RAD51 was significantly higher in HGSOC than in fallopian tubes ([Fig. 1](#fig1){ref-type="fig"}D). Furthermore, Kaplan-Meier plotter analysis ([www.kmplot.com](http://www.kmplot.com){#intref0010}) showed that high RAD51 expression is associated with poor prognosis in ovarian cancer patients ([Fig. 1](#fig1){ref-type="fig"}E). These results indicate that RAD51 is generally overexpressed in ovarian cancer and is associated with poor prognosis.Fig. 1**RAD51 is upregulated in HGSOC and high RAD51 expression level is associated with poor prognosis**. (A) Boxplot representing RAD51 expression values in ovarian cancer of the TCGA database (logarithmic values). The expression of RAD51 is higher in tumors (*n* = 586) than healthy tissues (*n* = 8). (B) Boxplot representing RAD51 expression values in ovarian cancer of the Yoshihara database (logarithmic values). The expression of RAD51 is higher in tumors (*n* = 43) than healthy tissues (*n* = 10). (C) Real-time quantitative PCR analysis of RAD51 in HGSOC tissue samples (*n* = 46) compared with fallopian tube tissues (FT, *n* = 20). The expression of RAD51 is higher in HGSOC than FT. (D) Representative images of immunohistochemistry staining of RAD51 in tissue microarray (left) and the expression level distribution of RAD51 (quantified by immunohistochemical score) in HGSOC (*n* = 228) compared with FT (*n* = 41, right). (E) Kaplan-Meier plots showing that high RAD51 expression is indicative of poor prognosis in ovarian cancer patients. Data presented as mean ± S.D. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test(\*p \< 0.05, \*\*\*p \< 0.001).Fig. 1

3.2. RAD51 knockdown reduces proliferation of ovarian cancer cells in vitro and impedes tumor growth in vivo {#sec3.2}
------------------------------------------------------------------------------------------------------------

To determine whether RAD51 contributes to the proliferation of ovarian cancer cells, we knocked down RAD51 by transfecting ovarian cancer cells with RAD51 specific siRNA and evaluated cell cycle distribution and apoptosis by flow cytometry. RNAi efficiency of A2780, HEY and HO8910 cells were measured by Western blot analysis ([Fig. 2](#fig2){ref-type="fig"}A). Colony formation assay showed that RAD51 inhibition led to decreased proliferation ([Fig. 2](#fig2){ref-type="fig"}A). We also established a cell line with inducible RAD51 knockdown in HO8910 cells using a doxycycline (Dox)-inducible and GFP-labelled lentiviral shRNA. The knockdown efficiency of RAD51 shRNA was evaluated by Western blot analysis and GFP examination under a fluorescence microscope after doxycycline treatment for 48 h ([Fig. 2](#fig2){ref-type="fig"}B) ([Fig. S1A](#appsec1){ref-type="sec"}). The colony formation ability was also significantly decreased in HO8910 shRAD51 cells ([Fig. 2](#fig2){ref-type="fig"}B). Next, we examined the proliferation-inhibitory effect of RAD51 knockdown by EdU incorporation and found a reduced rate of EdU incorporation in Dox-treated cells (low RAD51 expression) when compared with untreated cells ([Fig. 2](#fig2){ref-type="fig"}C). The cell cycle distribution in A2780, HO8910 and HEY cells transfected with RAD51 siRNA showed an increased accumulation of cells at G2/M phase ([Fig. 2](#fig2){ref-type="fig"}D) ([Fig. S2A](#appsec1){ref-type="sec"}). However, no increase in apoptosis was detected after RAD51 siRNA transfection for 48 h ([Figs. S2B and C](#appsec1){ref-type="sec"}). To investigate the role of RAD51 in tumor growth in vivo, HO8910 cells stably transfected with inducible RAD51 shRNA were subcutaneously inoculated into flanks of BALB/c nude mice, the tumor-bearing mice were randomly divided into two groups (4--6 mice in each group). RAD51 depletion in tumor xenografts was achieved by feeding the mice with 1.2 mg/mL doxycycline. One week later, tumor volumes were measured every 3 days. On the 24th day, the mice were euthanized and tumor weights were measured ([Fig. S1B](#appsec1){ref-type="sec"}). As shown in [Fig. 2](#fig2){ref-type="fig"}E--G, the average tumor size in RAD51 knockdown group was much smaller than in the control groups, which was consistent with the in vitro studies ([Fig. 2](#fig2){ref-type="fig"}A--C). In keeping with the anti-proliferative effect of RAD51 knockdown on ovarian cancer cells in vitro, there was a significant decrease in the abundance of Ki-67 positive cells in the tumor xenografts ([Fig. 2](#fig2){ref-type="fig"}H).Fig. 2**RAD51 depletion reduces proliferation of ovarian cancer cells in vitro and impedes tumor growth in vivo.** (A) RNAi efficiency of A2780, HEY and HO8910 cells were measured by Western blot analysis. α-Tubulin was used as a loading control (left). Band intensities were quantified by ImageJ. Colony-forming efficiency of A2780 and HO8910 cells after transfected scrambled siRNA (siScr) or siRNA targeting RAD51 (siRAD51) for two weeks (right). (B) Knockdown efficiency of RAD51 shRNA were evaluated after doxycycline treatment for 48 h by Western blot analysis (left). α-Tubulin was used as a loading control. Band intensities were quantified by ImageJ. Colony-forming efficiency of HO8910 cells stably transfected RAD51 shRNA after doxycycline treatment for two weeks (right). (C) EdU incorporation was performed after doxycycline treatment for 48 h in HO8910 cells. (D) Cell cycle distribution of A2780, HO8910 and HEY cells after transfected siScr or siRAD51 for 48 h. The cell cycle distribution was measured by flow cytometry. (E) Images of HO8910 shControl and HO8910 shRAD51 tumors of each treatment group. (F) Tumor weights at day 24. (G) Growth curves of tumors from transplanted HO8910 shControl and HO8910 shRAD51 cells in nude mice. Tumor volumes were measured every 3 days. (H) Representative images of immunohistochemistry staining using Ki-67 antibody in HO8910 tumors for each group. Scale bar: 50 μm. Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test (\*\*p \< 0.01, \*\*\*p \< 0.001).Fig. 2

3.3. RAD51 knockdown leads to increased oxidative stress and oxidative DNA damage in ovarian cancer cells {#sec3.3}
---------------------------------------------------------------------------------------------------------

Ovarian cancer cells rely on high level of reactive oxygen species (ROS) for their proliferation \[[@bib30],[@bib31]\]. To determine the role of RAD51 in defending oxidative stress, we measured the ROS levels in ovarian cancer cells in which RAD51 was depleted or inhibited. We observed that either RAD51 knockdown or RAD51 inhibitor (B02) treatment caused a significant increase in ROS in all four ovarian cancer cell lines tested ([Fig. 3](#fig3){ref-type="fig"}A and B). We also found a significant elevation in ROS in immortalized fallopian tube epithelial cell line FTE-187, human osteosarcoma cell line U2OS and human breast cancer cells MDA-MB-231 when RAD51 was knocked down ([Fig. S3](#appsec1){ref-type="sec"}). Next we examined the level of oxidative base damage in RAD51 knockdown cells. As shown in [Fig. 3](#fig3){ref-type="fig"}C, there was a significant increase in the level of 8-OHdG, a marker of oxidative base damage. Moreover, there was a significant increase in 8-OHdG staining intensity in the tumor xenografts formed by RAD51 knockdown HO8910 cells ([Fig. 3](#fig3){ref-type="fig"}D). These results indicate that RAD51 contributes to maintaining redox homeostasis and its depletion may lead to increased oxidative DNA damage.Fig. 3**RAD51 knockdown increases the ROS levels and oxidative DNA damage of ovarian cancer cells.** (A) ROS distribution measured by flow cytometry in A2780, HO8910, HEY and SKOV3 cells after transfected siScr or siRAD51 for 48 h. RFI, relative fluorescence intensity. (B) ROS distribution measured by flow cytometry in A2780, HO8910, HEY and SKOV3 cells after 10 μM B02 (RAD51 inhibitor) treatment for 48 h. (C) Immunofluorescence staining of 8-OHdG in A2780 and HO8910 cells transfected siScr or siRAD51 for 48 h. Scale bar: 20 μm. (D) Representative images of immunohistochemistry staining using 8-OHdG antibody in HO8910 tumors for each group. Scale bar: 50 μm. Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test (\*\*p \< 0.01, \*\*\*p \< 0.001).Fig. 3

3.4. Antioxidant rescues proliferation and reduces oxidative DNA damage of RAD51 knockdown cells {#sec3.4}
------------------------------------------------------------------------------------------------

Because RAD51 is central to HRR \[[@bib4],[@bib16]\], it can be assumed that the anti-proliferative effect exerted by RAD51 inhibition is due to impaired DNA repair. To test whether the increased oxidative stress as a consequence of RAD51 depletion may also mediate the anti-proliferative effect, we examined whether the anti-proliferative effect of RAD51 knockdown could be rescued by antioxidant. As shown in [Fig. 4](#fig4){ref-type="fig"}A--C and [Fig. S4](#appsec1){ref-type="sec"}, the proliferation abilities of RAD51-depleted ovarian cancer cells, as measured by colony formation, cell viability and EdU incorporation, were significantly rescued by antioxidant N-acetylcysteine (NAC). NAC also rescued the colony formation of cancer cells that were treated with RAD51 inhibitor ([Fig. 4](#fig4){ref-type="fig"}D). Importantly, the levels of DSBs caused by RAD51 knockdown were significantly reduced by NAC ([Fig. 4](#fig4){ref-type="fig"}E and F). These results suggest that oxidative stress also mediates the anti-proliferative effect of RAD51 knockdown.Fig. 4**Antioxidant rescues proliferation ability and reduces oxidative DNA damage of RAD51 knockdown cells.** (A) Clonogenic assay of A2780 cells transfected siScr or siRAD51 treated with or without 10 mM NAC. (B) Cell viability was measured by CCK-8 assay. A2780 cells transfected siScr or siRAD51 treated with or without 10 mM NAC. (C) EdU incorporation of A2780 cells transfected siScr or siRAD51 treated with or without 10 mM NAC. (D) Clonogenic assay of A2780 cells treated with or without 5 μM B02 and 10 mM NAC. (E) Western blot analysis of γ-H2AX protein levels in A2780 and HEY cells transfected siScr or siRAD51 treated with or without 10 mM NAC. (F) Western blot analysis of γ-H2AX protein levels in HO8910 cells stably transfected RAD51 shRNA treated with or without 10 mM NAC. α-Tubulin was used as a loading control. Band intensities were quantified by ImageJ. Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test (\*\*p \< 0.01, \*\*\*p \< 0.001, ns stand for no significant).Fig. 4

3.5. RAD51 knockdown results in mitochondrial oxidative stress {#sec3.5}
--------------------------------------------------------------

We next examined whether mitochondria are the source of ROS in RAD51 knockdown cells. As shown in [Fig. 5](#fig5){ref-type="fig"}A, the level of mitochondrial superoxides, as measured by MitoSOX, was significantly increased in A2780, HO8910 and HEY cells in which RAD51 was depleted. RAD51 inhibitor (B02) treatment also caused a significant increase in mitochondrial superoxides in all four ovarian cancer cell lines tested ([Fig. S5A](#appsec1){ref-type="sec"}). Of note, mitoquinone (MitoQ, a mitochondria-targeted antioxidant) treatment significantly attenuated the elevation of ROS in RAD51 knockdown cells ([Fig. 5](#fig5){ref-type="fig"}B), suggesting that increased ROS are mainly derived from mitochondria. As expected, mitoquinone treatment significantly attenuated the elevation of MitoSOX in RAD51 depleted HEY cells ([Fig. S5B](#appsec1){ref-type="sec"}). Furthermore, the mitochondrial membrane potential (MMP) was decreased in RAD51 knockdown cells ([Fig. 5](#fig5){ref-type="fig"}C). The maximal oxygen consumption rate (OCR) was significantly increased in RAD51-depleted A2780 cells ([Fig. 5](#fig5){ref-type="fig"}D). Both the basal and maximal OCR were increased in RAD51-depleted HEY and HO8910 cells ([Figs. S5C and D](#appsec1){ref-type="sec"}), demonstrating that RAD51 knockdown enhances mitochondial reserve capacity \[[@bib39]\]. RAD51 knockdown also increased the glycolytic capacity in A2780 and HEY cells ([Fig. 5](#fig5){ref-type="fig"}E and [Fig. S5C](#appsec1){ref-type="sec"}). Consistent with the increased OCR and glycolysis, the intracellular ATP levels were increased in RAD51 knockdown cells ([Fig. S5E](#appsec1){ref-type="sec"}). These results indicate that RAD51 inhibition could cause mitochondrial oxidative stress in ovarian cancer cells.Fig. 5**RAD51 knockdown results in mitochondrial dysfunction.** (A) MitoSOX distribution measured by flow cytometry in A2780, HO8910 and HEY cells transfected siScr or siRAD51 for 48 h. (B) ROS distribution measured by flow cytometry in A2780, HO8910 and HEY cells transfected siScr or siRAD51 treated with or without 500 nM MitoQ. (C) Measurements of MMP (by JC-1) in A2780, HO8910 and HEY cells transfected siScr or siRAD51 for 48 h. (D) Oxygen consumption rate (OCR) of A2780 cells transfected siScr or siRAD51 for 48 h. The OCR was measured under baseline conditions and after oligomycin, FCCP and rotenone/antimycin injection, as indicated by the arrows. (E) Extracellular acidification rate (ECAR) of A2780 cells transfected siScr or siRAD51 for 48 h. The ECAR was measured under baseline conditions and after glucose, FCCP and 2-deoxy-[d]{.smallcaps}-glucose (2-DG) injection, as indicated by the arrows. Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns stand for no significant).Fig. 5

3.6. CHK1 activation mediates the increased mitochondrial oxidative stress caused by RAD51 depletion {#sec3.6}
----------------------------------------------------------------------------------------------------

We next determined whether the increased OCR in RAD51-depleted cancer cells was associated with increased accumulation of mitochondria. Depletion of RAD51 in A2780 cells displayed a significant increase in mitochondrial content, as quantified by flow cytometry of cells stained with Mitotracker ([Fig. 6](#fig6){ref-type="fig"}A, middle). As a control, cancer cells treated with Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) exhibited a decreased Mitotracker staining ([Fig. 6](#fig6){ref-type="fig"}A, left). RAD51 inhibition similarly induced an increased buildup of mitochondria ([Fig. 6](#fig6){ref-type="fig"}A right and [Fig. S5F](#appsec1){ref-type="sec"}). Cells arrested at G2/M phase usually harbor more mitochondria and exhibit a higher level of ROS than at other phases of the cell cycle \[[@bib40]\]. Because CHK1 is known to mediate G2/M arrest \[[@bib41],[@bib42]\] and the ovarian cancer cells are arrested at G2/M when RAD51 are depleted, we speculated that CHK1 might mediate the G2/M arrest and the generation of mitochondrial oxidative stress in response to RAD51 depletion. Indeed, the protein level of phosphorylated CHK1, which marks activated CHK1, was greatly increased when RAD51 was depleted ([Fig. 6](#fig6){ref-type="fig"}B). Importantly, inhibition of CHK1 kinase activity by UCN-01 or CHK1 siRNA abolished G2/M arrest caused by RAD51 depletion ([Fig. 6](#fig6){ref-type="fig"}C and [Fig. S6C](#appsec1){ref-type="sec"}). Moreover, the mitochondrial accumulation caused by RAD51 depletion was abrogated by the CHK1 inhibition ([Fig. 6](#fig6){ref-type="fig"}D and [Fig. S6D](#appsec1){ref-type="sec"}). Consistently, increase in the level of mitochondrial superoxides was attenuated by the inhibition of CHK1 ([Fig. 6](#fig6){ref-type="fig"}E and [Fig. S6E](#appsec1){ref-type="sec"}). We next determined the proliferation of A2780 cells in response to RAD51 depletion, CHK1 inhibition or the combined treatment of the two. While RAD51 depletion or UCN-01 alone each resulted in a reduction in the EdU-positive cells, the two in combination led to no further reduction in the proliferation of cancer cells ([Fig. 6](#fig6){ref-type="fig"}F and [Fig. S7](#appsec1){ref-type="sec"}), suggesting that the alleviation of mitochondrial oxidative stress by CHK1 inhibition may have prevented an additive inhibitory effect on proliferation. In contrast to the lack of additive inhibitory effect on ovarian cancer cells by RAD51 and CHK1 inhibitors when used in combination, it was reported that the two inhibitors acted synergistically to inhibite the proliferation of HeLa cells \[[@bib43]\]. We therefore tested whether the lack of additive effect by the two inhibitors was cell-type specific. Indeed, as shown in [Fig. S8](#appsec1){ref-type="sec"}, the two in combination led to further reduction in the proliferation of HeLa cells. Thus the rescuing effect of CHK1 inhibition may not apply to other types of cancer cells. Nevertheless, at least in some categories of cancer cells, depletion of RAD51 can lead to CHK1-dependent G2/M arrest and the subsequent mitochondrial oxidative stress, which may cause further DNA damage and sustain a feedforward loop.Fig. 6**CHK1 activation-mediates the increased mitochondrial oxidative stress caused by RAD51 depletion.** (A) Mitochondrial content decreased significantly after 12.5 μM CCCP treatment for 48 h (left). Mitochondrial content was elevated in A2780 cells after RAD51 knockdown (middle) or 10 μM B02 treatment (right), cells were stained with Mitotracker and quantified by flow cytometry. (B) Western blot analysis of phosphorylation of CHK1 in A2780, HO8910 and HEY cells after transfected siScr or siRAD51 for 48 h. CHK1 serverd as loading control. Band intensities were quantified by ImageJ. (C) Cell cycle distribution of A2780 and HEY cells transfected siScr or siRAD51 treated with or without 300 nM CHK1 inhibitor (UCN-01). The cell cycle distribution was measured by flow cytometry. (D) Mitochondrial content was quantified by flow cytometry in A2780 cells transfected siScr or siRAD51 treated with or without 300 nM CHK1 inhibitor (UCN-01). (E) MitoSOX distribution measured by flow cytometry in A2780 cells transfected siScr or siRAD51 treated with or without 300 nM CHK1 inhibitor (UCN-01). (F) EdU incorporation measured by flow cytometry in A2780 cells transfected siScr or siRAD51 treated with or without 300 nM CHK1 inhibitor (UCN-01). Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns stand for no significant).Fig. 6

3.7. Mitochondrial oxidative stress caused by RAD51 knockdown was independent of mtDNA {#sec3.7}
--------------------------------------------------------------------------------------

Recent studies showed that RAD51 can localize in human mitochondria and play an important role in the maintenance of the mitochondrial genome integrity \[[@bib44]\]. We isolated mitochondria from several human ovarian cancer cells and found that RAD51 could indeed be detected in mitochondria of ovarian cancer cells ([Fig. S5G](#appsec1){ref-type="sec"}). It has been shown that depletion of RAD51 results in a significant decrease in mtDNA copy number following oxidative stress, supporting that RAD51-mediated recombination contributes to the maintenance of mtDNA genome stability \[[@bib44]\]. We therefore examined whether mitochondrial dysregulation induced by RAD51 knockdown was related to the maintenance of mtDNA genome integrity. As shown in [Fig. 7](#fig7){ref-type="fig"}A, mtDNA copy number decreased significantly in RAD51 knockdown cells. Rho0 cells, which are depleted of mtDNA, were used as a control to show the absence of mtDNA. Surprisingly, the levels of ROS, MitoSOX and Mitotracker were all increased in rho0 cells by RAD51 depletion ([Fig. 7](#fig7){ref-type="fig"}B--D). These results revealed that mitochondrial dysregulation caused by RAD51 knockdown can occur independent of mtDNA.Fig. 7**RAD51 depletion-induced mitochondrial dysregulation is independent of mtDNA.** (A) mtDNA copy number quantified in rho0 cells (left). mtDNA copy number decreased in A2780 cells knockdown RAD51 (right). (B) ROS distribution measured by flow cytometry in rho0 cells after transfected siScr or siRAD51 for 48 h. (C) MitoSOX distribution measured by flow cytometry in rho0 cells after transfected siScr or siRAD51 for 48 h. (D) Mitochondrial content was quantified by flow cytometry in rho0 cells after transfected siScr or siRAD51 for 48 h. Data presented as mean ± S.D. are representative of three independent experiments. The statistical differences between the two groups were analyzed by two-sided unpaired Student\'s *t*-tes t(\*\*p \< 0.01, \*\*\*p \< 0.001).Fig. 7

4. Discussion {#sec4}
=============

RAD51 overexpression is common in human cancers and is believed to contribute to the malignant features of cancer cells, such as metastasis and chemoresistance. However, the consequences of RAD51 depletion or inhibition in cancer cells and the underlying mechanisms remain to be fully determined. Does RAD51 simply function to maintain genomic stability and thereby promote cell survival and proliferation? Does RAD51 depletion have consequences beyond genomic instability? Here, we showed that RAD51 was significantly upregulated in HGSOC and high expression of RAD51 is associated with poor prognosis, which are consistent with previous studies. Importantly, we found that RAD51 contributes to the maintenance of redox homeostasis in ovarian cancer cells. RAD51 depletion or inhibition led to increased ROS level and oxidative DNA damage in cancer cells. Furthermore, the accumulation of DSBs and impaired proliferation caused by RAD51 depletion or inhibition can be significantly reduced by antioxidant NAC. Therefore, besides a direct impairment of DNA repair, the cytotoxic effect of RAD51 depletion or inhibition can be further amplified by the associated increase in oxidative stress.

We showed that the oxidative stress caused by RAD51 inhibition or depletion is primarily derived from mitochondria. We observed an increased level of mitochondrial superoxide, along with increased accumulation of mitochondria, when RAD51 is depleted or inhibited. We further showed that the increased mitochondrial oxidative stress is dependent on CHK1 activation. While RAD51 depletion led to CHK1-mediated G2/M arrest, mitochondrial buildup and increased generation of superoxide, inhibition of CHK1 can greatly attenuate or abrogate those changes. CHK1 thus acts as a critical mediator of the deleterious effect of RAD51 depletion on cell proliferation ([Fig. 8](#fig8){ref-type="fig"}). These results are consistent with a recent report that CHK1 overactivation due to defective chaperone-mediated autophagy may drive the accumulation of more DNA damage \[[@bib45]\]. DNA damage response (DDR) is generally believed to be a consequence of oxidative stress \[[@bib46]\], our results indicate that DDR, such as the activation of CHK1, can be the cause of oxidative stress. A recent study also showed that oxidative stress peaks in mitosis and is exacerbated by mitotic arrest \[[@bib47]\]. Together, these findings indicate that DNA damage signaling does not only respond to oxidative stress, but may also contribute to it.Fig. 8**A working model for RAD51 depletion induced mitochondrial oxidative stress**.High RAD51 level in cancer cell promotes HRR, reduces the level of DNA damage and the associated CHK1 activation, ultimately leading to cancer cell survival and malignancy. Low RAD51 level compromises HRR, causing more DNA damage, activating CHK1 and arresting cells at G2/M, and consequently leading to mitochondrial oxidative stress, which may aggravate nuclear DNA damage and reinforce a vicious feedforward loop. The increased oxidative stress inhibits cancer cell survival and malignancy.Fig. 8

In addition to its function in nucleus, RAD51 has been reported to be localized in human mitochondria and to play an important role in the maintenance of the mitochondrial genome integrity \[[@bib44]\]. It is therefore possible that the mitochondrial stress in response to RAD51 depletion may be attributed to an impaired maintenance of mtDNA. However, while we observed a decreased copy number of the mtDNA in RAD51-depleted ovarian cancer cells, the levels of overall ROS and mitochondrial superoxide and the mitochondrial mass can still be increased in mtDNA-devoid rho0 cells, indicating that the mitochondrial stress caused by RAD51 depletion is probably not related to mtDNA.

We found that the ovarian cancer cells were arrested at G2/M phase in response to RAD51 depletion, which is consistent with the reported G2/M arrest in Rad51 knockout chicken DT40 lymphocytes \[[@bib48]\]. We further showed that this G2/M arrest and the associated mitochondrial stress were dependent on CHK1. Thus, CHK1 activation exerts a tumor suppressive effect in this context. CHK1 inhibition has been explored as a cancer therapeutic strategy in several studies \[[@bib49], [@bib50], [@bib51]\], our findings indicate that caution should be taken when prescribing CHK1 inhibitor in cancer therapy, especially in scenarios where the cancer-killing effect relies on the induction of oxidative stress. Instead of compromising cancer cell survival, such treatment may relieve the cancer cells of oxidative stress and promote survival. In addition, CHK1 inhibitors have also been shown to activate other pro-survival mechanisms, such as the compensatory activation of ATM and ERK1/2 \[[@bib52]\], which may account for the less than expected anti-cancer efficacy of CHK1 inhibitors in many pre-clinical studies.

Taken together, our work indicates that in addition to participating in HRR, RAD51 indirectly contributes to the maintenance of mitochondrial redox homeostasis and the increased mitochondrial oxidative stress also mediates the anti-proliferative effect of RAD51 depletion in ovarian cancer cells. Moreover, RAD51 depletion-induced mitochondria oxidative stress is not due to loss of mtDNA integrity, but is instead caused by a CHK1-dependent G2/M arrest and mitochondrial accumulation. Our findings suggest that a vicious cycle of nuclear DNA damage, mitochondrial oxidative stress may contribute to the tumor-suppressive effects of RAD51 depletion or inhibition.

Declaration of competing interest
=================================

Designed, supervised the experiments, finalized the manuscript and provided financial support: Changshun Shao.

Conducted most of the experiments, data analysis and manuscript preparation: Limei Xu.

Give assistance to some experiments: Tingting Wu, Shihua Lu, Xiaohe Hao, Junchao Qin, Jing Wang.

Critical revision of manuscript for important intellectual content: Zhaojian Liu, Yaoqin Gong, Beihua Kong, Xiyu Zhang, Qiao Liu.

All authors approved the final manuscript.

The authors declare that they have no competing interests.

Appendix A. Supplementary data {#appsec1}
==============================

The following is the Supplementary data to this article:Multimedia component 1Multimedia component 1

We thank Dr. Jinsong Liu and Chuanzhu Yan for providing FTE-187 and 143B.TK ρ^0^ cell lines, respectively. This study was supported by 10.13039/501100001809National Natural Science Foundation of China (81372241, 81572785) and the State Key Laboratory of Radiation Medicine and Protection, Soochow University (GZN1201804).

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.redox.2020.101604>.
